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Mars expedition spacecraft are assembled and checked out at an Assembly Dock in low Earth orbit. Many components of the Dock are 
derived from the Space Station, which orbits nearby. Tethers lead to propellant depots suspended above and below the dock providing 
stability and a margin of safety. Earth is toward the bottom. Art: Carter B. Emmart 


Earth Orbital Facilities to Support Mars Expeditions 


Part 2 

Editor’s Note: This is the report of a workshop held at the Case for Mars III Conference in July 1987 to define the 
facilities required in Earth orbit to prepare for sending the first people to Mars and to assemble all departing expedition 
spacecraft. The workshop began with the premise of assuring a sustained human presence on Mars beginning with the first 
expedition. This premise was developed at the first and second Case for Mars conferences, held in 1981 and 1 984123. 

The 1987 conference was held at the University of Colorado in Boulder and cosponsored by the World Space 
Foundation. Sponsors included the American Astronautical Society, Jet Propulsion Laboratory, Los Alamos National 
Laboratory, the National Aeronautics and Space Administration (Ames Research Center, Johnson Space Center, Marshall 
Space Flight Center), and The Planetary Society. 

Because of its length, this report is published in two parts. Part 1 described the overall Case for Mars expedition scenario 
and the preparatory functions to be performed on the ground and aboard the NASA/International Space Station. This part 
concludes the report and describes the Variable Gravity Research Station and the Assembly Dock, along with the functions 
performed aboard each. The Introduction is repeated here from Part 1 as a point of reference. 


Earth Orbital Facilities to Support Mars Expeditions 


Introduction 

A great deal of activity is required in Earth orbit 
beginning a decade prior to launching expedition crews 
on their way to Mars. This pre-mission activity may be 
divided into three categories: 1) Technology research to 
investigate and select the most promising new techni- 
ques required to safely take a crew to Mars and return 
them after an extended period of time; 2) Technology 
development of specific equipment and procedures to 
be used during all phases of‘the mission; and 3) Major 
functions dedicated exclusively to the Mars expeditions 
and their buildup. Participants in the Earth Orbital 
Facilities Workshop defined a scenario where these 
three kinds of activity are performed in four locations: 
on the ground, at the NASA/International Space Sta- 
tion (referred to simply as the Space Station), aboard a 
Variable Gravity Research Station (Gravistation), and 
at an Assembly Dock. 

Technology research for the first Mars expedition‘ 
is particularly important in the areas of spacecraft com- 
ponent lifetime and reliability, artificial gravity 
parameters, and medical procedures. Shorter lead 
times might be practical if the first crew’s time away 
from Earth can be reduced from the five-year period 
determined in the Case for Mars scenario, or if the crew 
is willing to depart with only partial answers to some 
critical questions such as the level of artificial gravity 
which is adequate to sustain bone and cardiovascular 
health for a safe return to Earth’s level of gravity. 

The Space Station can play an important role in 
preparing for the first Mars expeditions. However, the 
level of activity required to build up and check out 
departing expedition spacecraft is much too great to be 
performed aboard the planned Station alongside other 
unrelated activities. Many precursor activities are ap- 
propriate to the Station as it is presently envisaged. 

The rotating Gravistation is required to verify that 
Mars-level gravity (38% of Earth’s gravity) is survivable 
over long periods of time, and to determine what level 
of artificial gravity and associated spacecraft rotation 
rate and radius is sufficient to comfortably protect the 
crew from body deterioration during interplanetary 
cruise. In order to fully certify the Mars expedition 
spacecraft and many of its components, different crews 
will have to spend multi-month periods aboard the 
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Gravistation. This station could be in any orbit, and has 
been suggested as an international facility, perhaps co- 
orbiting with the Soviet Mir space station™ 

All expedition spacecraft buildup, checkout, refur- 
bishment, and propellant storage is performed at the 
Assembly Dock with a dedicated crew. It would be 
most appropriately placed in the same orbit as the 
NASA/International Space Station. 


Variable Gravity Research Station 
(Gravistation) 


Because partial gravity cannot be simulated for 
more than a few seconds on Earth, extended testing 
under partial gravity must be performed in orbit. 
Provision of artificial gravity would prevent many of the 
applications envisaged for the planned Space Station, 
so it was not designed with this capability. The kind of 
large rotating structure needed to induce artificial 
gravity cannot be practically added to the NASA/Inter- 
national Station, so a separate facility is required. 

Certain deleterious effects of microgravity may be 
intolerable for more than a year at a time. Under the 
present expedition scenario, crews will need to spend 
up to 30 uninterrupted months on a normal mission in 
interplanetary cruise. On an aborted mission where 
landing on Mars is impossible, crews might need to 
spend as long as three years in space. During any suc- 
cessful expedition, the crew will stay on Mars, at 0.38g, 
for about 26 months, and some crewmembers might 
even stay another 26 months. 


While most investigators remain optimistic, we do 
not know if Mars-level gravity is sufficient to prevent 
body deterioration for these periods. The Case for Mars 
expedition scenario presumes that 0.38g is safe, and that 
return to Earth after a long stay at this gravity level is 
also safe, but this assumption should be tested. The ap- 
propriate level of artificial gravity is not the only ques- 
tion to be answered; people are sensitive to the effects 
of rotation used to induce artificial gravity. 

In the movie and novel 2001: A Space Odyssey, 
Stanley Kubrick and Arthur C. Clarke had the crew of 
Discovery spend much of their time in a centrifuge 
about 12 meters (40 feet) in diameter. To induce 
Earth-level gravity, this centrifuge would have had to 


spin at about 12 revolutions per minute (rpm), more 
than enough to induce motion sickness. Motions of the 
head and inner ear interact in complex ways with a 
rotating environment, confusing the body’s sense of 
balance. Figure 2 shows a so-called “comfort zone” 
thought to represent the bounds within which a crew 
could comfortably live’, Rotation rates below 4 rpm are 
thought to be necessary based on rotating room experi- 
ments on the ground. 

Before committing a crew to years in a potentially 
nauseous environment, these parameters need to be 
tested. This is one of the major functions of the Gravis- 
tation (Figure 3). Microgravity and isolation influence 
a crew’s psychology and social interactions, as well as 
producing the more “mechanical” physiological effects. 
Therefore the facility is conceptually designed to dupli- 
cate as closely as possible the interior layout of an Inter- 
planetary Vehicle, with the same deck orientation, 
side-by-side “vertical” cylindrical living modules and 
other features (see Figure 4). The 100-ton Gravistation 
is designed to permit changing the radius of rotation 
and spin rate to map the parameters of the postulated 
“comfort zone.” 


To facilitate changing the spin radius, the Gravista- 
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Figure 2. Rotational parameters are shown for inducing artificial gravity, with a 
postulated “comfort zone” (shaded). Induced gravity level is noted along the top. If an 
angular rate is selected along the bottom axis and a vertical line drawn to meet the 
desired g-level, this determines the spin radius shown on the left-hand scale. The 


tion employs a tether to connect to a counterweight. 
The tether can be varied in length from about 20 to 
1000 meters (66 to 3280 feet), while the facility can spin 
from zero to about Srpm. The concept shown employs 
a spent Shuttle external tank (ET) as the counterweight, 
although almost anything massive would be sufficient. 

The second major function of the Gravistation is to 
test and qualify expedition spacecraft equipment under 
the chosen artificial gravity conditions. Proper equip- 
ment operation will of course be necessary to sustain 
the Gravistation crew; much of this equipment may 
serve for developmental testing and qualification. The 
third major function is crew training at the selected 
gravity level and IPV spin rate. If human sensitivity to 
rotational conditions is found to vary among individuals, 
a “qualification stay” in the Gravistation may be re- 
quired for potential expedition crewmembers. 


Technology research and deyelopment aboard the 
Gravistation will encompass the disciplines noted 
above, as well as the control and behavior of large rotat- 
ing structures in space. Medical procedures will need 
to be verified. All g-sensitive equipment which will 
need to operate on the martian surface and on the In- 
terplanetary Vehicles will need to be tested. 


Assembly Dock 

Everything required for each depart- 
ing expedition comes together at the As- 
sembly Dock (see cover). In this scenario, 
the Dock operates independently of the 
NASA/International Space Station, but is 
several miles away in the same orbit to 
take advantage of the same launch vehicle 
flights and to provide a place where the as- 


5. Percent change sembly crew can retreat in an emergency. 


uray Availability of a crew-rated orbital 
maneuvering vehicle (OMV) with a crew 
cab is assumed to carry people between 
the Dock and the Station when necessary. 


Combining all assembly, checkout and 
loading functions at a single facility dic- 
tated some features of the Dock. For ex- 
ample, rather than providing a separate 
propellant depot, it was decided to store 
propellant at the Dock so that all pre- 
departure checkout and servicing could be 
performed there. 


The need to test the docking interface 
between the three IPVs during assembly 


design point in this scenario is 0.38g at 3 rpm, from which one derives a spin radiusof dictates the Assembly Dock’s equilateral 


124 ft (38 m). Illustration courtesy JPL, redrawn from Paul R. Hill and Emanuel 


Schnitzer, NASA/Langley Research Center, 1962. 


“Y” shape, but the Dock does not spin. 


Each arm of the dock is made from over 50 meters (165 
feet) of the same type of truss structure used for the 
Space Station booms. Three mobile remote 
manipulator systems like those on the Station crawl 
along the truss structure to move large modules and 
hold equipment in position during assembly. 

During assembly it is important for assembly crew- 
members to have a good view of operations in progress. 
Two cupolas (again from the Station) are used for this 
purpose. One is near the center of operations and 
looks “down” on the three IPVs. The other is at the 
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Figure 3. Schematic of the Gravistation showing living quarters 
near the top and a counterweight at the bottom. Length of the 
tether can be varied to create different g-levels and spin rates. 
Illustration courtesy JPL. 


end of the arm where launch vehicles dock and unload. 
Additional views will be provided by television cameras 
mounted all over the structure, on manipulator arms, 
and if necessary on small free-flying vehicles. 

Lighting is provided all over the structure, though 
power limitations will permit illuminating only small 
areas at any one time. The dock is oriented so that 
viewed as a flat surface, it is always parallel to the 
Earth’s surface directly below. The IPVs are assembled 
on the “upward” side so that on the day side of Earth, 
diffuse light is provided for crew and cameras looking 
from the dock toward the IPV. 


The assembly crew lives in a habitation module 
similar to those used for the Station. A small portion of 
this Hab module may be made into a pressurized 
workshop area where smaller equipment may be 
brought for calibration, troubleshooting and repair. 
Two tunnels lead through trusses away from the central 
area, each to a pressurized airlock at the end of an arm 
of the Dock. These tunnels and airlocks provide redun- 
dant paths for arriving and departing crews and pres- 
surized cargo. Another tunnel goes part way out the 
third arm so that pressurized passages can be con- 
nected with the interiors of each of the IPVs as they are 
assembled. 


Propeliant Depots 

The IPV is stabilized in its flat “horizontal” orienta- 
tion by tethers® along the Earth’s local vertical. These 
tethers are connected by harnesses to the tips of the 
Dock arms to keep them from interfering with the IPVs 
during assembly. At the end of the downward tether 
about 300 meters (1000 feet) from the Dock is the liquid 
oxygen storage depot. About six times farther away at 
the tip of the upward tether is the liquid hydrogen 
storage depot and power generation equipment. The 
1:6 distance ratio results because the mass of hydrogen 
required for departure is about one-sixth of the mass of 
oxygen required. Reels at the depot end of each tether 
will be used to adjust the lengths according to the mass 
at each end to keep the system center of mass at the 
center of the Assembly Dock trusswork. 

Hydrogen and oxygen storage are kept separate to 
minimize the chance for combustion if a tank leaks. In 
the event of a collision with orbital debris, a rupturing 
tank will be far enough away from the crew, IPVs and 
Dock structure to reduce the effects of a sudden gas 
release. (It is not known if the 300 meters mentioned 
above provides adequate separation. This design 
parameter needs to be evaluated.) 

Because the density of the tenuous atmosphere at 
Station altitudes drops noticeably over the 2-3 km 
separating the oxygen and hydrogen depots, the 


hydrogen was placed on the upper tether. The 
hydrogen tanks and solar panels will be large, inducing 
a small but significant amount of drag which must be 
made up using orbit sustenance propellant. Putting 
equipment with the larger frontal area at the upper end 
of the tether will result in a small 
reduction in drag for the whole 
facility. 

To minimize boil-off, liquid 
hydrogen must be kept at ap- 
proximately -255°C, and heat flow 
into tankage must be kept extremely 
low. Hydrogen fuel will be one of the 
last items launched prior to Mars ex- 
pedition departure, but several flights 
worth must be brought to orbit and 
the tanks positioned, attached, and 
connections verified with three IPVs 
which must depart within hours of 
each other. Consequently, hydrogen 
will need to be stored for up to 
several weeks in orbit, with minimal 
boil-off. Hydrogen will be brought up 
in its flight tanks with extra insulation 
blankets: Upon arrival at the As- 
sembly Dock, these tanks will be 
moved along the upward tether to the 
fuel depot and slipped inside a 
refrigerated sleeve (see Figure 5). 
Refrigeration will keep the hydrogen 
and its tankage just above its freezing 
point. 


Assembly Sequence? 

No cargo manifest for each 
launch vehicle flight needed to bring 
up expedition components has been 
prepared for this expedition 
scenario’. However, it is estimated 
that buildup of the three IPVs, and 
the four Cargo Landers with their 
single outbound service module, re- 
quires sixteen heavy lift vehicles 
(HLV) and five Space Shuttle 
launches!!, Availability of a Saturn 
V/Energia class booster with the 


capability to launch 100 metric tons Figure 4. Cutaway view shows several decks in one of the Interplanetary Vehicle (IPV) living 


and enclose tunnels which connect during assembly 
with the IPV tunnels along each arm of the Dock. This 
allows shirtsleeve transfer from the Dock’s Hab module 
to each IPV, minimizing costly EVA and allowing the 
assembly crew to make and verify many of the complex 


(220,000 pounds) to low Earth orbit is modules. Artificial gravity assures a true floor and ceiling orientation for the crew, though 


assumed. 


some periods are spent in weightlessness. In this artist's concept, the top deck holds 


’ exercise facilities important to maintaining the crew’s physical condition. The second deck is 
Assembly of the spine of each a quiet area for reading, group discussions, and other relaxation. The third deck includes a 
IPV is the first step in building up the galley and control center, while the fourth holds a lavatory, shower, and stowage lockers. 


departing spacecraft. Jigs on each 
arm of the Dock position the spines Garter B, Emmart 


Individual crew quarters, workshop, redundant control center and other facilities are in the 
second living module (not shown). The Mars Shuttle provides additional living volume. Art: 


electrical connections with greater safety and dexterity 
than would be possible while suited. To the greatest ex- 
tent possible, the spines are assembled on the ground 
with conduits, tunnels, plumbing and cables installed. 

The living modules are attached to the spine of 
each IPV, after which the spine tunnels and other con- 
nections are made to the modules. The living modules 
are then pressurized, powered up and cooled from the 
Assembly Dock, adding to the habitable volume for the 
assembly crew. 

The Mars Shuttles (landers) are brought up and at- 
tached to each spine, with tunnels and other connec- 
tions made. Solar collectors and power generation 
equipment, the aeroshields for aerobraking at Earth, 
radiators and antennae are added. Finally, tankage 
containing attitude control, spin-up/spin-down and 
Earth orbit insertion propellant will be brought up and 
attached to the spines. A temporary electrical power 
subsystem for use in Earth orbit is installed. All con- 
nections are verified and detailed system checks are 
performed from the ground and the Dock. Each IPV is 
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Figure 5. Schematic view of the fuel depot shows a refrigerated 
sleeve with open slots for two hydrogen tanks; one tank is 
shown in place. Solar power for the whole Assembly Dock is 
generated by the solar array and carried down the tether to the 
assembly structure and crew quarters. Illustration courtesy JPL. 


powered up on its own. 

The three IPVs are then moved together in the jigs 
toward the center of the Assembly Dock, where their 
docking interfaces are connected and verified. The 
three IPVs are separated, and with test crews aboard, 
each is released in succession from its assembly jig and 
moved by manipulators out of the Assembly Dock. 
Moving a few kilometers from the Assembly Dock, all 
vehicle systems are checked. 


After operation of the individual IPVs is verified, 
the three fly in formation and then dock together in a 
rehearsal of the critical mutual docking they will per- 
form after leaving Earth orbit (see Figure 6). The 
Habitat is maneuvered to face the Sun and the solar 
generators powered up for test during lighted portions 
of the orbit. 

Very slowly, the Habitat is spun up to its operating 
g-level, with nearby crews waiting to spot loose equip- 
ment. Later, the Habitat spin is slowed to a very low 
rate in preparation for a test of the emergency decou- 
pling procedure, which might be necessary in deep 
space even at full spin rate in the event of a fire in one 
of the three IPVs. The IPVs decouple and return to the 
Assembly Dock. 


Each IPV reconnects to the extreme end of its As- 
sembly Dock arm, leaving room for trans-Mars injec- 
tion engines and propellant tanks to be connected. Its 
temporary Earth-orbital power subsystem is removed 
while all Mars-bound supplies and equipment are 
loaded. Hydrogen tanks. are removed from their 
refrigerated sleeves and connected last, after which the 
expedition crew goes aboard and each IPV leaves the 
Dock as an independent spacecraft. One orbit prior to 
scheduled departure, the extra insulation blankets are 
removed from the hydrogen tanks. One half-orbit later 
a separation maneuver is performed to distance the 
IPVs from other equipment and personnel. 


One IPV may depart on each of three sequential 
orbits when the launch period to Mars opens. Alterna- 
tively, safety might dictate simultaneous departure so 
that if one of the IPVs needs to abort early in its injec- 
tion burn, the other two can also. At least two IPVs are 
required to provide artificial gravity, so losing one at the 
start of the mission would be very risky. Additional 
propellants could be stored at the depots to permit a 
second departure attempt during the launch period. 


Conclusion 


Any expedition to Mars is likely to be among the 
most complex undertakings of humanity. Substantial 
risks will be accepted by the explorers, and high costs 
will be borne by their sponsors. All the expedition com- 
ponents will come together for the first time in Earth 
orbit following a period of directed research, technol- 
ogy development, and intensive testing. Detailed plan- 
ning will be essential to assure smooth execution on 
schedule and within budgets. 


The expedition scenario embraced by the Case for 
Mars participants may differ substantially from the way 
events actually unfold, but it is clear that much activity 
in Earth orbit can be beneficially directed toward 
preparing for Mars. The facilities may differ from those 
described in this paper, but the workshop results indi- 


cate 1) that the first Mars expedition will really begin 
years in advance with complex preparations in orbit, 
and 2) that we know how we could begin those prepara- 
tions. 


By carefully factoring Mars expedition require- 
ments into planning for Space Stations and other orbit- 
ing facilities, costs and risks can be reduced, and the 
day on which Earth’s first human emissaries can depart 
for Mars can dawn sooner. Planning for the NASA/In- 
ternational Space Station is already well along. Its 
design should take account of the great body of work 
which is to be done to get ready for the first expeditions 
to Mars. 


Robert L. Staehle 
President 


Figure 6. Shortly after departure for Mars, the crucial docking maneuver between the three Interplanetary Vehicles (IPVs) is underway, with 
the Earth and Moon in the background. Once linked, the IPVs become the Deep Space Habitat for 15 crewmembers. The 
accordion-shaped extensions are radiators to reject excess heat. Hexagonal phased array antennae and solar reflector heat engines can be 
seen along the “top” of two of the IPVs. Mars Shuttles and propellant tanks are slung underneath. Art: Carter B. Emmart 
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